Air-bubble plumes have been used primarily for water quality management through destratification; however, their impact on evaporation rates is yet to be formally quantified. In this paper, the influence of these systems on evaporation from water bodies is investigated.
stratified water columns under aeration conditions. A temperate reservoir in Australia was then taken as example for the application of this function.
Laboratory Experiment
Experiments on the effects of aeration by bubble plumes upon evaporation from non- ) with accuracy of ±3% was used. Similar to the temperature-humidity probe, the same instrument was used to take the measurements of wind movement from both compartments. The movement of these two sensors (anemometer and temperature-humidity probe) across the tank was controlled by a traverser (Figure 1 ) which had the ability to move 3-dimensionally over the tank. Temperature, humidity and speed measurements were taken at 5 locations spaced 0.40 m apart along the X-direction and five locations spaced 0.16 m apart in the Zdirection, starting 2 cm above the water, as shown in Figure 2 . In order to capture the changes in evaporation, which were expected to be very low due to the absence of solar radiation inside the room, the duration of each trial was three days.
Each trial was run once only; therefore, repeatability for evaporation was not tested.
However, over a three-day run, the humidity, temperature and wind speed sensors were able to gather measurements 30 times for each monitoring point shown in Figure 2 . To assure the repeatability, the 30 measurements for humidity, temperature and wind speed at each location were intercompared during each trial. The variations were negligible.
Additionally, the measurements taken at each location were averaged over a one-day period, obtaining a total of three averages for each trial. These were intercompared as well, with the difference being insignificant.
Evaporation was determined by assessing the change in surface elevation of the water surface in each compartment, which was measured using a calliper gauge. The difference in water level between the beginning and end of each trial was taken as the measurement of evaporation.
Baseline Evaporation and Evaporation under Aeration Conditions
The baseline evaporation and the evaporation under aeration conditions measured for each trial are plotted in Figure 3 . The baseline evaporation rates during the first and second rounds of trials (R1 and R2) were fairly constant. In R1, where the average room temperature was 20 o C, evaporation rates were around 0.5 mm day Under aeration conditions, evaporation rates were found to increase with an increase of airflow rate. During R1, the evaporation rate for the lowest air-flow rate (trial R1-T1) was 0.52 mm day -1 and, for the highest (trial R1-T5), 1.17 mm day -1
. For R2, evaporation rates for the lowest and highest air-flow rates were 0.6 mm day -1 and 1.20 mm day -1 respectively. For the intermediate air-flow rates, the measured evaporation rates were between those two extremes in both rounds of trials. The increase in evaporation under aeration conditions as compared to the baseline evaporation was low for low air-flow rates and higher for high air-flow rates. For R1, the change in evaporation varied from 0.01 to 0.7 mm day -1
, representing relative increases of 1.9% and 135% respectively. For R2, the changes varied from 0.2 to 0.8 mm day -1
. In percentage terms, these changes represent 49% and 200% respectively. Figure 5 shows the variation in the vapour pressure deficit over the water of the two compartments for R1 and R2. The deficit was computed as the difference between the saturated vapour pressure at water temperature and the actual vapour pressure measured at the uppermost monitoring points, at a height of 65 cm above the water. Because the water surface temperature did not change significantly over the trials and did not differ between the baseline compartment and the aerated compartment, the saturated vapour pressure was nearly constant over each round of experiments. For R1, it was around 22 mbar, and for R2 it was around 25 mbar, with the difference attributed to a slightly higher water temperature during the second round. Similarly, the actual vapour pressure over the non-aerated water did not vary significantly among the trials within each round. In R1, the actual vapour pressure measured at 65 cm above the water was around 18 mbar and, in R2, it was around The water vapour deficit for the trials with the aeration system operating decreased with the increase in the air-flow rates, indicating there was more moisture over the water when the aeration system was operating, and that this moisture content increased as the air-flow rates were increased. For trials R1-T1 and R2-T1 (correspondent to the lowest air-flow rate tested), the water vapour deficit was close to the baseline deficit. For trials R1-T5 and R1-T5
(the highest air-flow rates), the deficit was much less than the baseline deficit.
Between the two rounds, it can be noted that the deficit of water vapour in the air was higher during R1 than during R2 for the baseline trials ( Figure 5 , dot points). This explains the slightly higher rate of evaporation during R1 shown in Figure 3 . For the aerated cases, the water vapour deficit did not differ by much between the two rounds ( Figure 5 , squares), resulting in similar rates of evaporation ( Figure 3 ).
The relative humidity is an indicator of the level of water vapour saturation in the air, and is graphed in Figure 6 . For the air above the water of the non-aerated compartment, the relative humidity was nearly constant and equal to 75% during R1, and around 81% in R2.
Conversely, for the aerated compartment, the relative humidity was higher for the high air- While the relative humidity was higher during R2 than during R1, this did not significantly influence the air moisture deficit -shown in Figure 5 for the aerated trials (square points).
This indicates the rate of evaporation cannot be inferred solely from the value of the relative humidity, or from the value of the actual vapour pressure in the air; the deficit of vapour pressure in the air is the real controlling factor. This deficit, besides the humidity in the air, also depends on the humidity near the water, whose value can be taken as the saturation value for the surface water temperature.
The Influence of the Wind
Wind speed influences evaporation by controlling the rate at which the overwater saturated air is replaced by other air. Over an evaporative surface, the near water air is filled with water molecules that have just evaporated and broken free, creating a blanket of moisture in the air which can slow down evaporation. Following this logic, it would be expected that the aerated water in our experiment would have lower evaporation than the non-aerated water, due to its higher overwater humidity and hence inability to absorb much more moisture.
Contrary to this expectation, the aerated water actually experienced more evaporation than the non-aerated water. The explanation for this lies in the fact that a wind current moving across a water surface can carry away the newly evaporated water molecules, allowing more water to evaporate into that space. Moreover, a wind current will carry away more water molecules at higher speeds, driving more evaporation within a shorter period of time.
However, in this laboratory experiment the air inside the controlled room was still; but after looking closely at the measured wind speed data near where the bubbles were bursting, a slight air flow was observed, which could have caused the displacement of humidity upwards. The following graphs in Figure 7 and 8 illustrate the measured air flow above the aerated and non-aerated waters for three selected trials (R2-baseline, R2-T1 and R2-T3). The average air flow at heights of 2-cm and 65-cm above the water is shown in Figure 9 for all injected air-flow rates tested in this study. The figure shows that the mean air flow at 2-cm above the water was higher over the aerated waters compared with the non-aerated (baseline) experiment, and also shows this flow increased as the air flow rate pumped into the water was increased. The average air flow at 2-cm for the lowest pumped air flow rate The bulk aerodynamic formula for evaporation (Dalton, 1802 ) is one of the most appropriate formula to explain the effect of the wind on the overwater humidity and, consequently, on evaporation. The formula states that evaporation rates from free water surfaces are proportional to the vapour pressure deficit above the water surface, and that this proportionality is controlled by the wind speed over the water:
- where E is the evaporation rate; F (u h ) is an empirical function of wind speed u h , measured at height h; e s is the saturated vapour pressure at the surface water temperature; and e h is the actual water vapour pressure at height h.
Here, two controlling factors are considered to be involved in the evaporation process: the water vapour deficit (e s -e h ), which determines the amount of vapour the air demands; and the wind speed, which controls the rate at which this demand is being supplied. Therefore, even though a very high demand for water can exist (ie, very high e s -e h ), evaporation will remain low if there is no wind or low wind.
This formula explains, in part, why the aerated water in our experiment, which had less vapour deficit above the water (ie, lower e s -e h ) suffered more evaporation than the nonaerated water. The air flow due to the bubbles bursting over the water, as shown previously, may have affected the rate of change in vapour deficit, increasing the rate of evaporation over the compartment with aeration.
Evaporation Due to Air-Bubble Saturation
Another important factor to be considered when looking at evaporation from aerated waters is the humidity the bubbles carry when they are rising through the water column. The surface between the water and the bubble will evaporate water inside the bubble until the air inside the bubble is saturated (Kirzhner & Zimmels, 2006) , the bubble will leave the water and release the vapour into the atmosphere. Bubbles can dramatically increase the evaporation if the water is at a high temperature due to their high vapour holding capacity.
In order to compute the amount of water vapour added into the submerged bubbles, Dalton's law of partial pressures is considered. The mass of air injected into the water and the holding capacity of this air for the water temperature must be known, and we assume the equilibrium between water and air bubbles is reached instantaneously (Burkard & Van Liew, 1994; Michaelides, 2010 -personal communication) . Therefore, the partial pressure of vapour inside the bubbles must equal the saturation pressure associated with the temperature of the liquid (Turns, 2000) . A reduction in air mass through diffusion could be considered; however, the bubble-water contact time in aerated lakes is rapid enough to make the diffusion process negligible (Fuster & Zaleski, 2010) . McGinnis et al. (2006) showed that dissolution of gas would be important only in depths of more than 100 metres.
Using Dalton's law of partial pressure, it is easy to obtain the mass of water vapour for 100% relative humidity, which corresponds to the loss of water due to the bubble saturation process (E bs ):
where E bs is the loss of water due to the bubble saturation process (Kg day 
where T w is the surface water temperature ( o C); and e s is in hectopascals. Figure 10 shows the loss of water due to the evaporation inside the bubbles as a function of the air-flow rates tested in this study ( Fig. 10(a) ), and as a function of higher air flow rates ( Fig. 10(b) ). .
From Figure 10 (a) it can be seen that loss of water due to bubble saturation increased with the air flow rate, and that this loss was greater during R2 due to its higher temperature, which provides for a higher moisture-holding capacity of the air. It can also be seen from Figure 10 (b) that the water loss for air-flow rates above the range tested in this study follows an increasing linear trend, with the slope being defined by the water temperature.
Water loss due to bubble saturation was small compared with the total evaporation measured in this laboratory experiments. The rates shown in Figure 10 ) from 15 October 1995 to 13 December 1995 (Moshfeghi et al., 2005) to break down the thermal stratification in the water column. The water temperature under aeration conditions was modelled using the model DYRESM (Imberger & Patterson, 1981) . The surface area of the reservoir was 21.36 km 2 , and the total baseline evaporation calculated using the Penman-Monteith model (Monteith, 1965) for the two months was 200 mm. If the proposed methodology to find the loss of water due to the aeration was applied, the loss of water due to bubble saturation would be 15 m 3 for the 2-month period. If this volume were distributed over the whole surface area of the reservoir, the height of water reduction would correspond to only 0.001 mm, representing virtually zero per cent of the total evaporation. However, if the same volume of air was pumped into a small water body (eg, 2 m 2 surface area), the pond would dry up completely in less than 10 days, given the high air-flow rate. Therefore, the proportion of the loss of water due to bubble saturation in relation to the total evaporation would be significantly large.
Empirical Evaporation Estimates
A large number of empirical equations have been developed for predicting evaporation (Sill, 1983 ) since the late 1800s, when the first empirical investigations were published after Dalton's work (Dalton, 1802) . Most of these equations are only valid for particular systems and climates similar to where the measurements were made, meaning their application is limited (Sartori, 2000) . However, given the quantification of evaporation is a difficult task due to the complex interactions involved in the process, the existing empirical approaches have been, and continue to be, widely used due to lack of more appropriate theoretical models.
Most of the existing evaporation equations are in the bulk aerodynamic form (Eq. 1) which states evaporation is proportional to the difference between the vapour pressure near the surface of the water and the vapour pressure in the air, and that wind velocity affects this proportionality (Brutsaert, 1982) . Despite wide implementation, there is no single universallyaccepted bulk aerodynamic equation due to site-specific conditions that determine different functions of wind speed.
The wind function F(u h ) is usually obtained as an empirical fit to a set of site-specific field measurements. In its simplest form, u h is plotted against E/(e s -e h ), with the wind function obtained from the curve fit (Brutsaert, 1982; Sill, 1983) . While many fits are simply a function in the form of F = a u h , Stelling's equation (Brutsaert, 1982) has been the preferred function among evaporation investigators (eg, Fitzgerald, 1886; Rohwer, 1931; Penman, 1948) . This equation has the form F = b + c u h , and allows for evaporation under free convective condition (ie, when u h = 0), in which case evaporation is driven by the difference in water vapour concentration between the air close to the water and the surrounding air, rather than by wind speed. Free convective evaporation may not be as important to open water reservoirs as it is to enclosed water bodies, such as this laboratory experiment, in which evaporation is predominantly driven by the gradient of the water vapour above the surface.
In the wind functions, a, b and c are empirical parameters calibrated for each site. Other investigators have sought to derive improved wind functions by using alternative forms such as parabolic and power forms (Brady et al., 1969; Jaworski, 1973; Sill, 1983) . However, these different forms do not appear to significantly change the accuracy of the bulk aerodynamic method, so the simpler forms are still considered adequate for most applications (Brutsaert, 1982) . Other authors (Sartori, 2000; Alvarez, 2007; McJannet et al., 2011 ) have taken wind functions developed for specific locations and derived new areaadjusted functions that can be applied to different-sized water bodies.
Reviews on the wind functions that can be coupled with the bulk aerodynamic formula can be found in Sweers (1976) , Stigter (1980) Some of the existing and established wind functions are presented in Table 2 . Figure 11 shows the plot of the baseline evaporation rates estimated using six of the functions shown in Table 2 against the observed evaporation rates from the current laboratory experiment. The functions derived by McMillan (1971; are widely used, and valid for a broader range of wind speeds and lake sizes (Sweers, 1976; de Bruin, 1982; Calder & Neal, 1984; Finch & Hall, 2006) . The wind function derived by Thom et al. (1981) was proven by Chu et al. (2010) to be adequate for wind speeds of less than 3.0 m s -1 (ie, in conditions where free convective evaporation is relevant). The function of WMO (1966) was shown by Sweers (1976) to be almost identical to the functions derived by McMillan (1971;  1793) for predictions of evaporation under forced convective conditions.
All functions presented in Figure 11 , which is represented by the first series of data in Figure 11 . 
Evaporation Due to Air-Bubble Bursting Process
In Section 5 it was shown that, under aeration conditions, evaporation is increased by E bs (Eq. 2). This loss of water is due to the release of water vapour carried by the saturated bubbles. In this section, a new component for the estimate of evaporation under aeration conditions will be derived. This component is related to the additional air speed at the surface of an evaporative water body due to the bubble bursting process (described in Section 4), which intuitively will have some effect on the displacement of saturated air above the surface, thus increasing the rate of local evaporation. This component of the total evaporation will be referred to as the remaining evaporation (E rem ). Linear (1x1) The plot of the measured remaining evaporation, after taking away the baseline evaporation and the evaporation due to the bubble saturation, is graphed in Figure 12 as a function of the injected air flow rates, showing that the remaining evaporation increases with the increase in air flow rate. This component of evaporation was higher during the second round of experiments, with the difference between rounds being attributed to the difference in temperature -the higher temperature during the second round allowed for higher moistureholding capacity of the air near the water. The near-water air (as shown previously in Figures   7 and 8 ) is affected much more by the ventilation of the bubble burst than is the air far from the water, which is drier. Therefore, the difference between the two rounds is explained by the saturation vapour pressure which is, in turn, determined by the water temperature (the higher the temperature, the higher the saturation vapour pressure). The rate of replacement of saturated air near the water will be affected by the air flow imparted by the bubble-bursting process. argued that D could be used to scale vertical, as well as horizontal (radial), distances in bubble plume systems. The length scale D scales with the bubble slip velocity and the airflow rate as follows: (4) where g is the gravity; is the entrainment coefficient, u s is the bubble slip velocity, taken as a constant equal to 0.3 m s -1 (Kobus, 1968; Lemckert & Imberger, 1993) . The entrainment coefficient can be taken as a function of the air-flow rate, according to Bernard et al. (2000) : (5) where h 0 is the reference depth (= 10.3 m) and r 0 is the radius of the bubble plume, given by Bernard et al. (2000) as:
Dimensional analysis including evaporation, air-flow rate, saturated vapour pressure and D yields the following non-dimensional quantity:
where E rem is in units of M/T, Q B and Q 0 are the air-flow rate at the source and the air-flow rate at atmospheric pressure, respectively, both in
and D is in L. Figure   13 shows the relationship between the remaining evaporation (E rem ) and (e s D 4 )/Q B from the current experimental data. From Figure 13 , it can be seen that the remaining evaporation can be calculated as a function of (e s D 4 )/Q B using the approximation:
This function will give the remaining evaporation for one air source. The total remaining evaporation from a given water body may be estimated by multiplying the one-source evaporation by the number of air sources in operation within the water body.
Note the bubble slip velocity has been reported to vary from 0.3 to 0.8 m s -1 under laboratory conditions (Lima Neto et al., 2008) . A different value of the bubble slip velocity would cause a change in the value of the length scale D, and consequently, in the remaining evaporation.
However, as the slip velocity was taken as a constant, assuming other velocities would only lead to a different value of the angular coefficient in Eq. 8, Figure 14 . It is recommended the bubble slip velocity = 0.3 m s -1 be used, and the relationship represented by Eq. 8 for the calculation of the remaining evaporation from water bodies. This is reasonable, as in large lakes the bubbles are more likely to reach the terminal velocity, which is reported to be 0.3 m s -1 on average for bubbles of up to 10 mm in diameter (Clift et al., 1978) . 
Example of Application -Wivenhoe Dam
This section describes the application of the functions derived for the three components of evaporation under aeration conditions to an Australian reservoir. These three componentsevaporation due to bubble saturation, background evaporation, and evaporation due to the bubble-bursting process -were described in Sections 5, 6 and 7 respectively. It is important to note that Equation 8 (Helfer et al., 2011c) .
The theoretical aeration system for this dam was designed using the methodology outlined in Lemckert et al. (1993) . The aeration system comprises 375 sources of air, at an air-flow rate of 2.0 L s -1 each. The selected period of simulation was three years (from 1 January 1984 to 1 January 1986) due to the availability of reliable meteorological data.
The model DYRESM (Imberger & Patterson, 1981) , which has been calibrated and validated for predictions of evaporation and temperatures for this reservoir (Helfer et al., 2011c) , was used to simulate the water temperature under baseline and aeration conditions. This model
has an algorithm to model the mixing of the water by artificial air-bubble plume systems. The mixing model is based on the single plume model described by McDougall (1978) , which has been validated with field data in previous studies such as Patterson and Imberger (1989) and Imteaz and Asaeda (2000) .
The background (or baseline) evaporation was calculated using Eq. 1, with e s obtained as a function of the simulated water temperatures. The free convective coefficient of the wind function was taken from the laboratory data fit (Figure 11) , and the forced convective coefficient from McMillan (1973) , resulting in F(u 2 ) = 1.35 + 0.97 u 2 . It is important to note that wind functions are site-specific and need calibration. This function was chosen as a first approximation for the calculation of evaporation, and it was later adjusted for the studied reservoirs, as explained below.
The loss of water due to the vapour transported into the bubbles (E bs ) was estimated by Eq.
2, where e s was again calculated as a function of the simulated water temperatures. The evaporation due to the bubble bursting process (E rem ) was estimated by Eq. 8. Table 3 shows the results for the three components of evaporation outlined in this study, the numbers have been taken as an average of the three years of simulation. The baseline evaporation calculated with the bulk aerodynamic formula and the proposed wind function resulted in higher rates than previously published values for Wivenhoe Dam (eg, Helfer et al., 2011c) . The explanation for this is that the wind function was adjusted for windless conditions (ie, for free convective evaporation) only, based on the laboratory data.
One way to work around this is by adjusting the forced convective term of the wind function (ie, the coefficient that is followed by the wind speed) to the studied water bodies.
We used the data for evaporation generated by DYRESM to perform this adjustment. The daily predictions of DYRESM have been validated by Helfer et al. (2011c) to represent the daily evaporation rates from Wivenhoe Dam. It was found that the coefficient for forced convective evaporation, which minimises the difference when compared with DYRESM daily estimates, was 0.65 for both dams. The background evaporation under baseline and aeration conditions presented in Table 4 Table 4 shows the change in evaporation under aeration conditions as compared with the baseline evaporation; this change can be attributed to the change in surface temperature brought about by the mixing system (a complete explanation on the relationship between aeration and water temperatures of Wivenhoe Dam is given by Helfer et al. (2011c) ).
Overall, aeration by air-bubble plumes would contribute an insignificant percentage to the total annual evaporation due to E bs and E rem . The increase in evaporation due to these two components would represent less than 0.01% of the total evaporation from Wivenhoe Dam (last column in Table 4 ). This increase is less than the reduction in evaporation caused by the aeration system through affecting the water temperature (as shown in Table 4 , the aeration system leads to a reduction in evaporation -very small in magnitude, but still greater than the losses due to the other two components). The aeration reduces evaporation by lifting cold bottom water to the surface, thereby reducing the surface temperature. This reduction, however, only happens in the beginning of the period of artificial destratification (Helfer et al., 2011c) , as after a few days of operation, the water from the bottom of the dam becomes as warm as the surface temperature. Note that in this study we have simulated continuous aeration only. However, as presented in Helfer et al. (2011c) , intermittent and continuous aeration are expected to yield similar evaporation reductions as a result of changes in surface temperature. Intermittent aeration, however, would result in lower losses of water due to the processes suggested in this study.
Conclusions
This paper analysed the effects of aeration by air-bubble plumes on the change in evaporation from water bodies. A 0.7-m deep tank divided into two compartments and placed in a windless, temperature-controlled room was used. One of the compartments was used to measure baseline evaporation, and the other to investigate the effects of different air-flow rates on evaporation. The air humidity above the water, the temperature of the water and the ventilation induced by the bubble break-up process at the water surface were all monitored.
It was found that, compared with baseline evaporation, evaporation from aerated nonstratified waters increases under aeration conditions, and that this increase is proportional to the increase in air-flow rates pumped into the water. Moreover, it was found that the increase in evaporation under aeration conditions may be explained by two processes: one being the contribution of the "evaporation" inside the bubbles to the losses of water. The other, is the higher rate of displacement of overwater vapour, at the location where the bubbles emerge and burst, as a result of the bursting of the bubbles. Two functions were derived from the laboratory data to predict the water loss due to these two processes. The losses due to the first process may be estimated as a function of the air flow rate released at the surface and the saturation vapour pressure at the water temperature, assuming the bubbles reach equilibrium with the ambient water instantaneously. It was found that the losses due to the second process could be related to the air-flow rate, the vapour pressure and the length scale D proposed by Bombardelli et al. (2007) for aeration systems.
Although water losses due to those two processes are significant for small water bodies such as experimental tanks, if the derived functions are applied to larger temperate water bodies, these losses become minimal when compared with natural evaporation. Moreover, the small reduction in evaporation due to the lowering of the water temperature of the reservoir induced by the mixing process is much higher than the increase in evaporation from those two processes. The results, therefore, indicate the net effect of aeration by airbubble plumes on evaporation from stratified lakes is positive (ie, these systems indeed reduce evaporation), but the water saving is so small that it does not warrant the use of these systems for the sole purpose of reducing evaporation.
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